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1. INTRODUCTION {#rmb212049-sec-0005}
===============

Prenatal stress is recognized as a cause of fetal developmental reprograming, and is associated with various disorders, such as hypertension, coronary heart disease, obesity, and diabetes in adults.[1](#rmb212049-bib-0001){ref-type="ref"} A number of neurological diseases and disorders, such as vasomotor problems, attention deficit, impaired cognition and reduced brain volume in children, are also thought to be caused by prenatal stress.[1](#rmb212049-bib-0001){ref-type="ref"} These human diseases have been shown to be closely related with prenatal stress in animal studies with rodents and non‐human primates.[1](#rmb212049-bib-0001){ref-type="ref"}

There is concern that humans are exposed to many toxic chemicals, such as phtalates, perfluorinated compounds (PFCs), pesticides, bisphenol A, nicotine and its related metabolites, polybrominated diphenyl ethers (PBDEs), and heavy metals.[2](#rmb212049-bib-0002){ref-type="ref"}, [3](#rmb212049-bib-0003){ref-type="ref"} Such environmental chemicals that alter developmental plasticity often affect the endocrine control of development, and are called endocrine disrupting chemicals. The time when humans are most sensitive to environmental chemical is when organs are developing, especially in utero.[1](#rmb212049-bib-0001){ref-type="ref"} We previously reported that several environmental chemicals caused aberrant DNA methylation at multiple gene loci at the serum concentrations of maternal blood and cord blood using mouse embryonic stem cells or human induced pluripotent stem cells as an in vitro model for early embryos.[2](#rmb212049-bib-0002){ref-type="ref"}, [3](#rmb212049-bib-0003){ref-type="ref"} Thus, environmental chemicals have the potential to cause epigenetic dysfunction in developing embryos.

Chemical exposures during pregnancy are important causes of prenatal stresses. Fetuses are more vulnerable than adults to the harmful effects of chemicals.[1](#rmb212049-bib-0001){ref-type="ref"} Prenatal exposure to environmental chemicals, such as organophosphate pesticides, tobacco smoke, PFCs and heavy metals, has been shown to be associated with low birthweight of infants and neurobehavioral function.[4](#rmb212049-bib-0004){ref-type="ref"}, [5](#rmb212049-bib-0005){ref-type="ref"}, [6](#rmb212049-bib-0006){ref-type="ref"}, [7](#rmb212049-bib-0007){ref-type="ref"}, [8](#rmb212049-bib-0008){ref-type="ref"}, [9](#rmb212049-bib-0009){ref-type="ref"} Exposure to phthalates is associated with allergic diseases, aberrant neurodevelopment, endocrine disruption, and preterm birth.[10](#rmb212049-bib-0010){ref-type="ref"}, [11](#rmb212049-bib-0011){ref-type="ref"} Some previous reports showed that PFCs are associated with fetal growth and pregnancy‐induced hypertension.[6](#rmb212049-bib-0006){ref-type="ref"}, [7](#rmb212049-bib-0007){ref-type="ref"} PFCs exposure in early life is also associated with energy metabolic disorders.[12](#rmb212049-bib-0012){ref-type="ref"} In addition, some animal studies showed that neonatal low‐dose pesticide exposure disrupts energy homeostasis in a persistent manner.[13](#rmb212049-bib-0013){ref-type="ref"} Bisphenol A exposure during the prenatal period is associated with cryptorchidism.[14](#rmb212049-bib-0014){ref-type="ref"} Prenatal exposure to PBDEs disrupts thyroid function, and is involved in adverse neurodevelopmental outcomes.[15](#rmb212049-bib-0015){ref-type="ref"} Octachlorodipropyl ether (S‐421) is a pesticide, and has been used in Japan and East Asia as a synergist in pyrethrum insecticides for mosquitoes, and it remains in human bodies persistently.[16](#rmb212049-bib-0016){ref-type="ref"} Taken together, it is very important to know the exposure levels of these environmental chemicals in pregnant women.

In the present study, we investigated the levels of phthalates, PFCs, pesticides, bisphenol A, nicotine and its metabolites, PBDEs, and heavy metals in maternal blood, maternal urine, cord blood, amniotic fluid, and maternal breast milk. In addition, we analyzed the transfer of the chemicals from mothers to fetuses, the exposure of infants by breast‐feeding, and the relationship between the chemicals and fetal growth.

2. METHODS {#rmb212049-sec-0006}
==========

2.1. Ethical approval {#rmb212049-sec-0007}
---------------------

The present study was carried out in accordance with the protocol approved by the institutional review board of Yamaguchi University Graduate School of Medicine. Written informed consent was obtained from all study participants.

2.2. Participants {#rmb212049-sec-0008}
-----------------

For this study, 145 pregnant women at Yamaguchi University Hospital during 2008‐2010 were included in the study. A total of 70 cases were nulliparous and 75 cases were multiparous. Of the 145 cases, 14 women showed fetal growth restriction (FGR). FGR was defined as lower than −1.5 SD compared with expected fetal weights at delivery shown by The Japan Society of Obstetrics and Gynecology. Eight of the women had a history of tobacco smoking. Maternal blood and urine samples were obtained at admission at the start of labor (at 37‐42 weeks‐of‐gestation). Amniotic fluids were obtained after rupture of the membrane. Cord blood samples were obtained immediately after delivery. Breast milk samples were obtained after they started breast‐feeding. The numbers of the samples were as follows: maternal blood, 115; maternal urine, 42; maternal breast milk, 46; cord blood, 112; and amniotic fluid, 52. After blood sampling, serum fractions were separated by centrifugation and stored at −80°C until analysis. Other samples were stored at −80°C until analysis. The chemicals measured in this study are shown in Table [1](#rmb212049-tbl-0001){ref-type="table-wrap"}.

###### 

Chemicals and samples measured in the study

  Group                             Chemicals                        Chemicals (abbeviation)                                                         Measured samples
  --------------------------------- -------------------------------- ------------------------------------------------------------------------------- ------------------------------------------
  Phthalates                        Mono(2‐ethylhexyl)phthalate      MEHP                                                                            Maternal blood/cord blood/amniotic fluid
  Di(2‐ethylhexyl)phthalate         DEHP                             Maternal blood/cord blood/amniotic fluid                                        
  Perfluorinated compounds (PFCs)   Perfluorohexanoic acid           PFHxS                                                                           Maternal blood/cord blood
  Perfluorooctane sulfonate         PFOS                             Maternal blood/cord blood                                                       
  Perfluorononanoic acid            PFNA                             Maternal blood/cord blood                                                       
  Perfluorooctanoic acid            PFOA                             Maternal blood/cord blood                                                       
  Pesticides                        Dimethylphosphate                DMP                                                                             Maternal blood/cord blood/maternal urine
  Dimethylthiophosphate             DMTP                             Maternal blood/cord blood/maternal urine                                        
  Diethylphosphate                  DEP                              Maternal blood/cord blood/maternal urine                                        
  Diethylthiophosphate              DETP                             Maternal blood/cord blood/maternal urine                                        
  3‐Phenoxybenzoic acid             3‐PBA                            Maternal blood/cord blood/maternal urine                                        
  3,5,6‐Trichloro‐2‐pyridinol       TCP                              Maternal blood/cord blood/maternal urine                                        
  Octachlorodipropyl ether          S‐421                            Breast milk/milk fat                                                            
  Plastics/epoxy resins             Bisphenol A                      BPA                                                                             Maternal blood/cord blood/maternal urine
  Nicotine and metablites           Nicotine                         NIC                                                                             Maternal blood/cord blood
  Nornicotine                       NNIC                             Maternal blood/cord blood                                                       
  Cotinine                          COT                              Maternal blood/cord blood                                                       
  Norcotinine                       NCOT                             Maternal blood/cord blood                                                       
  Trans‐3'‐hydroxycotinine          HCOT                             Maternal blood/cord blood                                                       
  PBDEs                             Polybrominated diphenyl ethers   BDE‐28, −47, −99, −100, −153, −154, −183, −197, −207, and −209                  Breast milk/milk fat
  Heavy metals                                                       Li, B, Mg, Al, Mn, Ca, Fe, Co, Cu, Ni, An, Se, Sr, Rb, Mo, Cd, Hg, Sb, and Pb   Maternal blood/amniotic fluid
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2.3. Sample preparation and chromatography conditions {#rmb212049-sec-0009}
-----------------------------------------------------

Abbreviations of the chemicals are shown in Table [1](#rmb212049-tbl-0001){ref-type="table-wrap"}. Concentrations of phthalates (MEHP and DEHP), PFCs (PFHxS, PFOS, PFNA, and PFOA), bisphenol A, nicotines (NIC, NNIC, COT, NCOT, and HCOT), and PBDEs were determined as we previously reported.[17](#rmb212049-bib-0017){ref-type="ref"}, [18](#rmb212049-bib-0018){ref-type="ref"}, [19](#rmb212049-bib-0019){ref-type="ref"}, [20](#rmb212049-bib-0020){ref-type="ref"}, [21](#rmb212049-bib-0021){ref-type="ref"}, [22](#rmb212049-bib-0022){ref-type="ref"}

In pesticides, 3‐PBA and TCP were determined with a modified version of our previous method with liquid chromatography--tandem mass spectrometry (Alliance 2695 and Quattro micro; Waters, Milford, MA, USA) equipped with an electrospray ionization probe.[23](#rmb212049-bib-0023){ref-type="ref"}, [24](#rmb212049-bib-0024){ref-type="ref"} After addition of beta‐glucronidase for derivatization, samples were purified with an Oasis HLB extraction column (Waters), and then fractionated by reverse‐phase chromatography on a symmetric C18 column (50 mm × 2.1 mm i.d., 3.0 μm film thickness; Waters) with 35% acetonitrile and 0.1% acetic acid. After sample loading, tandem mass spectrometry was carried out in negative ion mode. For S‐421, human milk samples were prepared according to the method of Kakimoto et al with a slight modification, and the concentration of S‐421 was measured by gas chromatography/mass spectrometry.[25](#rmb212049-bib-0025){ref-type="ref"} Dialkylphosphate metabolites, such as DEP, DETP, DMP, and DMTP, were determined using the method reported by Ueyama et al with some modifications.[26](#rmb212049-bib-0026){ref-type="ref"} Samples were purified on a C18 cartridge column (Aisti Science, Wakayama, Japan) and then deproteinized with acetonitrile. After derivatization with pentafluorobenzyl bromide, samples were purified using a three‐layer column of Florisil, PSA and anhydrous sodium sulfate. The concentrations of DMP, DEP, DMTP, and DETP were measured using gas chromatography with a flame photometric detector (Agilent Technologies, Tokyo, Japan) equipped with an LVI‐S200 injection port (Aisti Science) on a DB‐1701 or DB‐5MS column (30 m × 0.25 mm i.d., 0.25 μm film thickness; Agilent Technologies).

Heavy metals were measured as we previously reported with a slight modification.[27](#rmb212049-bib-0027){ref-type="ref"} Serum and urine samples were mixed with nitric acid in a Nano‐Band MV (GL Science, Tokyo, Japan) overnight. After microwave digestion, samples were mixed with internal standards (scandium, yttrium, iridium) and analyzed by inductively coupled plasma‐mass spectrometry (Agilent Technologies 7500i).

2.4. Statistical analysis {#rmb212049-sec-0010}
-------------------------

The significance of differences between groups was analyzed by the Wilcoxon rank sum test, Fisher\'s exact test, Kruskal--Wallis test and Tukey--Kramer test. All statistical analyses were carried out with R (The R Foundation for Statistical Computing, version 3.2.4, <https://www.r-project.org/>). Differences were considered significant at *P *\< .05.

3. RESULTS {#rmb212049-sec-0011}
==========

3.1. Phthalates {#rmb212049-sec-0012}
---------------

The detection rates of DEHP and MEHP in the maternal blood, cord blood, and amniotic fluid ranged from 14.3% to 65.9% (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). The detection rates and concentrations of DEHP and MEHP were higher in the amniotic fluid than in the maternal blood and cord blood, whereas they did not differ between the maternal blood and cord blood (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). Then, correlation analyses were carried out using 36 paired samples of maternal blood, cord blood, and amniotic fluid. The levels of DEHP and MEHP in the maternal blood, cord blood, and amniotic fluid were not significantly correlated.

###### 

Detection rates and concentrations of phthalates, perfluorinated compounds pesticides in maternal blood, cord blood, maternal urine, and amniotic fluid

                          Maternal blood   Cord blood                                                                                                                                                               Maternal urine   Amniotic fluid                                                                                                                                                                                        *P*‐value[c](#rmb212049-note-0006){ref-type="fn"}                                                                                                                 
  ----------------------- ---------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------- --------------------------------------------- --------------- ----------------------------------------------- ------------
  Phthalate               n = 95           ng/mL[a](#rmb212049-note-0004){ref-type="fn"}                                                                                                                            n = 98           ng/mL[a](#rmb212049-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                           n=41            ng/mL[a](#rmb212049-note-0004){ref-type="fn"}   
  DEHP                    33/95 (34.7%)    13.2 (10.2‐460.1)                                                                                                                                                        20/98 (20.4%)    12.8 (10.1‐37.4)                                                                                                                                                                                                                                                                                        21/41 (51.2%)   26.6 (10.2‐376.2)                               
  MEHP                    20/95 (21.1%)    2.4 (2.1‐14.7)                                                                                                                                                           14/98 (14.3%)    2.4 (2.1‐3.9)                                                                                                                                                                                                                                                                                           27/41 (65.9%)   7.7 (2.1‐28.2)                                  
  PFCs (n=40)                              ng/mL                                                                                                                                                                                     ng/mL                                                                                                                                                                                                                                                                                                                                                                   
  PFHxS                   39/40 (97.5%)    0.285 (0‐0.94)                                                                                                                                                           38/40 (95%)      0.18 (0‐0.57)                                                                                                                                                                                                                                                                                                                                                           
  PFOS                    40/40 (100%)     3.595 (1.7‐9.33)                                                                                                                                                         39/40 (97.5%)    1.23 (0‐3.04)                                                                                                                                                                                                                                                                                                                                                           
  PFNA                    40/40 (100%)     1.31 (0.27‐7.35)                                                                                                                                                         40/40 (100%)     0.775 (0.22‐2.76)                                                                                                                                                                                                                                                                                                                                                       
  PFOA                    40/40 (100%)     1.38 (0.76‐3.65)                                                                                                                                                         40/40 (100%)     1.465 (0.73‐3.09)                                                                                                                                                                                                                                                                                                                                                       
  Pesticides (n=42)                        ppb[a](#rmb212049-note-0004){ref-type="fn"}                                                                                                                                               ppb[a](#rmb212049-note-0004){ref-type="fn"}                                                                                                                                                                                                               ppb[a](#rmb212049-note-0004){ref-type="fn"}                                                                   
  DMP                     23/42 (54.8%)    7.8 (1.0‐18.0)                                                                                                                                                           18/42 (42.9%)    2.5 (0.9‐14.0)                                                                                                                                                                                        29/42 (69.0%)                                       14.6 (0.9‐57.2)                                                                                               
  DMTP                    21/42 (50.0%)    10.3 (0.6‐22.2)                                                                                                                                                          7/42 (16.7%)     0.6 (0.3‐3.6)                                                                                                                                                                                         33/42 (78.6%)                                       3.4 (0.4‐92.3)                                                                                                
  DEP                     14/42 (33.3%)    0.5 (0.3‐7.6)                                                                                                                                                            7/42 (16.7%)     0.4 (0.3‐2.0)                                                                                                                                                                                         30/42 (71.4%)                                       5.1 (0.4‐25.9)                                                                                                
  DETP                    35/42 (83.3%)    5.9 (0.4‐14.5)                                                                                                                                                           28/42 (66.7%)    1.7 (0.3‐6.8)                                                                                                                                                                                         19/42 (45.2%)                                       1.4 (0.3‐12.7)                                                                                                
  3‐PBA                   1/42 (2.4%)      0.3 (0.3‐0.3)                                                                                                                                                            0/42 (0%)        --                                                                                                                                                                                                    11/42 (26.2%)                                       0.9 (0.4‐2.6)                                                                                                 
  TCP                     0/42 (0%)        --                                                                                                                                                                       0/42 (0%)        --                                                                                                                                                                                                    2/42 (4.8%)                                         0.9 (0.6‐1.2)                                                                                                 
  Nicotines (n=40)                         ppb                                                                                                                                                                                       ppb                                                                                                                                                                                                                                                                                                                                                                     
  NIC                     0/40 (0%)                                                                                                                                                                                 1/40 (2.5%)      1.7[c](#rmb212049-note-0006){ref-type="fn"}                                                                                                                                                                                                                                                                                                                             
  NNIC                    0/40 (0%)                                                                                                                                                                                 2/40 (5%)        0.2[b](#rmb212049-note-0005){ref-type="fn"}, 0.7[b](#rmb212049-note-0005){ref-type="fn"}                                                                                                                                                                                                                                                                                
  COT                     9/40 (22.5%)     0.1, 0.8, 0.8, 0.9, 1.0, 1.0[b](#rmb212049-note-0005){ref-type="fn"}, 1.3, 14.3[b](#rmb212049-note-0005){ref-type="fn"}, 378.8[b](#rmb212049-note-0005){ref-type="fn"}   7/40 (17.5%)     1.0, 1.0, 1.0[b](#rmb212049-note-0005){ref-type="fn"}, 1.1[b](#rmb212049-note-0005){ref-type="fn"}, 4.4, 4.8[b](#rmb212049-note-0005){ref-type="fn"}, 176.5[b](#rmb212049-note-0005){ref-type="fn"}                                                                                                                                                                     
  NCOT                    1/40 (2.5%)      4.9[c](#rmb212049-note-0006){ref-type="fn"}                                                                                                                              1/40 (2.5%)      4.1[c](#rmb212049-note-0006){ref-type="fn"}                                                                                                                                                                                                                                                                                                                             
  HCOT                    2/40 (5%)        3.7, 114.2[b](#rmb212049-note-0005){ref-type="fn"}                                                                                                                       2/40 (5%)        1.8, 74.8[c](#rmb212049-note-0006){ref-type="fn"}                                                                                                                                                                                                                                                                                                                       
  Heavy metals (n = 32)                    ng/mL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             ng/mL                                           
  Li                                       0.514 (0.209‐1.09)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.544 (0.151‐1.22)                              .4321567
  B                                        12.15 (2.79‐20.3)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 18.4 (5.43‐53.9)                                .000204928
  Mg                                       18500 (14 900‐21 300)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             12900 (9650‐22 900)                             8.70E‐10
  Al                                       7.825 (0.24‐19.3)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 4.33 (1.04‐13)                                  .1209367
  Mn                                       1.085 (0.324‐2.26)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                3.155 (0.263‐13.9)                              2.54E‐06
  Ca                                       82250 (76 800‐93 900)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             59500 (42 222‐74 600)                           6.46E‐12
  Fe                                       954.5 (382‐2970)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  619 (49.7‐3700)                                 .04689312
  Co                                       0.2055 (0.0485‐0.593)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             0.094 (0.00179‐0.872)                           .01130088
  Cu                                       2030 (1430‐2540)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  100.05 (22.5‐379)                               6.49E‐12
  Ni                                       0.374 (0.217‐0.744)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               1.43 (0.139‐9.82)                               3.32E‐09
  Zn                                       555.5 (398‐739)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   540 (56.4‐3140)                                 .7986313
  Se                                       114.5 (82.2‐162)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  11.8 (6.57‐22.8)                                1.42E‐11
  Sr                                       33.3 (20.4‐68)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    26.15 (15.5‐64)                                 .03114184
  Rb                                       149.5 (72.6‐440)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  104.5 (65.9‐190)                                .000868071
  Mo                                       1.125 (0.334‐4.14)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                2.135 (0.535‐5.78)                              .000338897
  Cd                                       0.03695 (0.019‐0.0827)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            0.0296 (0.00575‐0.142)                          .6109451
  Hg                                       0.605 (0.177‐2.1)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 0.1325 (0.0194‐0.511)                           1.57E‐08
  Sb                                       0.1375 (0.0139‐0.2)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               0.272 (0.0437‐0.488)                            3.74E‐05
  Pb                                       0.178 (0.114‐0.964)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               0.147 (0.0226‐0.315)                            .009441496

The values of concentrations were median (range).

The detection limits are di(2‐ethylhexyl)phthalate (DEHP; 10 ng/mL), mono(2‐ethylhexyl)phthalate (MEHP; 2 ng/mL), dimethylphosphate (DMP; 0.5 ppb), dimethylthiophosphate (DMTP; 0.2 ppb), diethylphosphate (DEP; 0.2 ppb), diethylthiophosphate (dETP; 0.2 ppb), 3‐phenoxybenzoic acid (3‐PBA; 0.2 ppb), and 3,5,6‐trichloro‐2‐pyridinol (TCP; 0.5 ppb).

COT, cotinine; HCOT, trans‐3'‐hydroxycotinine; NCOT, norcotinine; NIC, nicotine; NNIC, nornicotine.

The median (range) was calculated in the detected samples.

Cases with a history of smoking.

Wilcoxon rank sum test was carried out between the maternal blood and the amniotic fluid.
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3.2. PFCs {#rmb212049-sec-0013}
---------

PFCs were detected in the maternal blood and cord blood in \>95% of the cases (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). As shown in Fig. [1](#rmb212049-fig-0001){ref-type="fig"}a, PFOS, PFHxS, and PFNA levels were significantly lower in the cord blood compared with the maternal blood, whereas PFOA showed no significant difference between the maternal blood and the cord blood. Then, correlation analyses were carried out using 40 paired samples of maternal blood and cord blood. The levels of PFOS, PFHxS, PFOA, and PFNA in the maternal blood were significantly correlated with their levels in the cord blood (Fig. [1](#rmb212049-fig-0001){ref-type="fig"}b). As multiparous women tend to have lower levels of PFCs than nulliparous women, we investigated the differences between multiparous cases and nulliparous cases. In the maternal blood, PFOS and PFHxS in the multiparous cases were significantly lower than those of the nulliparous cases (Table [3](#rmb212049-tbl-0003){ref-type="table-wrap"}).[28](#rmb212049-bib-0028){ref-type="ref"} In cord blood, PFHxS and PFNA in the multiparous cases were significantly lower than those of the nulliparous cases (Table [3](#rmb212049-tbl-0003){ref-type="table-wrap"}).

![Perfluorinated compounds (PFCs) levels in maternal blood and cord blood. A, Perfluorooctane sulfonate (PFOS), perfluorohexanoic acid (PFHxS), perfluorooctanoic acid (PFOA), and perfluorononanoic acid (PFNA) levels. The *y*‐axis indicates the concentrations (ppb). Values are median (range). For statistical analysis, the Wilcoxon rank sum test were used. \**P *\< .01. B, Correlation analysis of the levels of PFCs between the maternal blood and the cord blood using 40 paired samples of maternal blood and cord blood. *P*‐value and *R*‐value of correlation analysis are shown in each graph. Open circles indicate each case](RMB2-16-337-g001){#rmb212049-fig-0001}

###### 

Levels of perfluorinated compounds in nulliparous and multiparous cases

                         Nulliparous (n = 17)   Multiparous (n = 23)   *P*‐value[a](#rmb212049-note-0009){ref-type="fn"}
  ---------------------- ---------------------- ---------------------- ---------------------------------------------------
  Maternal blood (ppb)                                                 
  PFOS                   4.05 (2.29‐9.33)       3.43 (1.70‐5.45)       .04881
  PFHxS                  0.46 (0.19‐0.94)       0.240 (0‐0.50)         .0008759
  PFOA                   1.41 (0.83‐3.65)       1.35 (0.76‐2.18)       .2737
  PFNA                   1.79 (0.62‐7.35)       1.24 (0.27‐6.07)       .1324
  Cord blood (ppb)                                                     
  PFOS                   1.42 (0.57‐2.96)       1.19 (0‐3.04)          .1547
  PFHxS                  0.20 (0‐0.57)          0.17 (0‐0.28)          .03997
  PFOA                   1.56 (0.75‐3.09)       1.41 (0.73‐1.85)       .292
  PFNA                   1.08 (0.35‐2.76)       0.74 (0.22‐2.16)       .04149

Concentrations indicate median (range).

PFHxS, perfluorohexanoic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate.

Wilcoxon rank sum test was carried out.
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3.3. Pesticides {#rmb212049-sec-0014}
---------------

In approximately half of the cases, the maternal blood was positive for DMP, DMTP, DEP, and DETP, but the detection rates of 3‐PBA and TCP were very low (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). All the detection rates in the cord blood were lower than those of the maternal blood. All pesticide metabolites except DETP in the maternal urine showed higher detection rates compared with the maternal blood and the cord blood (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}).

3.4. Bisphenol A {#rmb212049-sec-0015}
----------------

Bisphenol A levels in the maternal blood (n = 42), cord blood (n = 42), and maternal urine (n = 42) were all below the detection limit (0.5 ppb).

3.5. Nicotine and its metabolites {#rmb212049-sec-0016}
---------------------------------

The detection rates of COT were 22.5% (9/40) and 17.5% (7/40) in the maternal blood and cord blood, respectively (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). Of the detected cases, six and three did not have any histories of smoking, respectively. The levels of COT varied among the cases with 0.1‐378.8 ppb in the maternal blood and 1.0‐176.5 ppb in the cord blood. The detection rates of the others were low in both the maternal blood and the cord blood (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). Eight patients who had histories of smoking showed high levels of COT, NCOT, and HCOT in the maternal and the cord blood (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}).

3.6. PBDEs and S‐421 {#rmb212049-sec-0017}
--------------------

PBDEs and S‐421 were detected in the breast milk and the milk fat in high frequency (Table [S1](#rmb212049-sup-0001){ref-type="supplementary-material"}). In all the examined cases (n = 45), at least one or more PBDEs were detected in the breast milk and the milk fat.

3.7. Heavy metals {#rmb212049-sec-0018}
-----------------

All heavy metals were detected in all the samples of the maternal blood and the amniotic fluid (Table [2](#rmb212049-tbl-0002){ref-type="table-wrap"}). The concentrations of B, Mn, Ni, Mo, and Sb were significantly higher in the amniotic fluid compared with the maternal blood, whereas Mg, Ca, Fe, Co, Cu, Se, Sr, Rb, Hg, and Pb were significantly lower in the amniotic fluid. Then, correlation analyses were carried out using 32 paired samples of maternal blood and amniotic fluid. As shown in Fig. [2](#rmb212049-fig-0002){ref-type="fig"}, the levels of Li, Ca, Mo, Mg, and Sr in the maternal blood were significantly correlated with their levels in the amniotic fluid.

![Correlation analysis of the levels of heavy metals between the maternal blood and the amniotic fluid using 32 paired samples of maternal blood and amniotic fluid. Li, Mg, Ca, Sr, and Mo levels were analyzed. *P*‐value and *R*‐value of correlation analysis are shown in each graph. Open circles indicate each case](RMB2-16-337-g002){#rmb212049-fig-0002}

3.8. Comparison of FGR and non‐FGR cases {#rmb212049-sec-0019}
----------------------------------------

The present study included 14 FGR cases out of 145 cases. Therefore, we compared the levels of chemicals and heavy metals between FGR cases (n = 14) and non‐FGR cases (n = 131). The birthweights and placental weights of the FGR cases were approximately 20% less than those of non‐FGR cases, whereas the maternal age, past history of pregnancy, and delivery weeks did not differ between the two groups (Table [S2](#rmb212049-sup-0002){ref-type="supplementary-material"}).

The PFNA levels of the maternal blood and the cord blood were significantly higher in the FGR cases than in the non‐FGR cases (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}a). PFOS, PFHxS, and PFOA levels in the maternal blood and the cord blood did not differ between the two groups (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}a). We next investigated whether there is a correlation between birthweights or placental weights and PFCs levels in the maternal blood and the cord blood. Birthweight was significantly and negatively correlated with the PFNA levels in the maternal blood (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}b, left panel) and cord blood (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}b, middle panel), but positively correlated with the PFOA level in the cord blood (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}b, right panel). Placental weight was significantly and inversely correlated with the PFNA levels in the maternal blood and cord blood (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}c).

![Levels of perfluorinated compounds (PFCs) in fetal growth restriction (FGR) and non‐FGR cases. A, The levels of PFCs (perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), perfluorohexanoic acid (PFHxS), and perfluorononanoic acid (PFNA) levels of the maternal blood (left) and the cord blood (right) are shown by boxplot. The *y*‐axis shows concentrations (ppb). For statistical analysis, the Wilcoxon rank sum test was used. \**P *\< .01. B, Correlation analyses between the PFNA levels in the maternal blood or the cord blood and the birthweight. C, Correlation analyses between the PFNA levels in the maternal blood or the cord blood and the placental weight. Closed circles indicate non‐FGR cases and closed triangles indicate FGR cases](RMB2-16-337-g003){#rmb212049-fig-0003}

In terms of heavy metals, Rb levels in the FGR cases were significantly lower in the maternal blood (median 81 ng/mL, range 75.6‐88.3 ng/mL) than in the non‐FGR cases (median 165 ng/mL, range 72.6‐440 ng/mL; *P *= .023), whereas Cd levels in the amniotic fluid were significantly higher in the FGR cases (median 0.0502 ng/mL, range 0.0496‐0.112 ng/mL) than in the non‐FGR cases (median 0.0296 ng/mL, range 0.00575‐0.142 ng/mL; *P *= .021).

No significant differences were observed in the levels of DEHP and MEHP, DMT, DMTP, DEP, DETP, 3‐PBA, TCP, NIC, NNIC, COT, NCOT, and HCOT between FGR and non‐FGR cases.

4. DISCUSSION {#rmb212049-sec-0020}
=============

The present study shows the levels of chemicals in the maternal blood, cord blood, amniotic fluid, and maternal breast milk in Japanese women. Some chemicals, such as NIC, NIC‐metabolites, and bisphenol A, were almost negative, but phthalates, PFCs, pesticides, PBDEs, and heavy metals were considerably positive in Japanese pregnant women. Furthermore, the present results provide evidence that fetuses are also exposed to various chemicals in the uterus.

Phthalates are used in many consumer products including plastics and cosmetics. Most pregnant women were found to be positive for phthalates or phthalate metabolites, and phthalates are transferred to fetuses.[10](#rmb212049-bib-0010){ref-type="ref"}, [11](#rmb212049-bib-0011){ref-type="ref"} Early‐life exposure to phthalates has been associated with allergic diseases, altered neurodevelopment, endocrine disruption, and preterm birth.[10](#rmb212049-bib-0010){ref-type="ref"}, [11](#rmb212049-bib-0011){ref-type="ref"} Although the use of DEHP has been strictly restricted in Japan since 2002, phthalates were still positive in pregnant Japanese women in the present study. The amniotic fluid had higher detection rates and concentrations of DEHP and MEHP compared with the maternal blood and cord blood. Amniotic fluid consists of fetal urine and is taken into the fetus orally, and then fetal urine is excreted as amniotic fluid again. Phthalates are mainly excreted to urine.[11](#rmb212049-bib-0011){ref-type="ref"} Therefore, it is likely that DEHP and MEHP transfer to the fetus and are accumulated in the amniotic fluid. This indicates that fetuses are continuously exposed to DEHP and MEHP during pregnancy. Regarding the phthalates levels in the amniotic fluid, there are several reports showing that there is a strong geographical difference in phthalates levels of the amniotic fluid, and that phthalates levels in amniotic fluid differ among the gestational weeks.[10](#rmb212049-bib-0010){ref-type="ref"} Further studies with large and global scales are required.

PFCs are persistent industrial chemicals used for imparting water and stain resistance to consumer products. Elevated concentrations of PFCs have been associated with the consumption of seafood, meat, and a high intake of salty snacks.[28](#rmb212049-bib-0028){ref-type="ref"} Exposure to PFCs is associated with reduced fetal growth[6](#rmb212049-bib-0006){ref-type="ref"}, [7](#rmb212049-bib-0007){ref-type="ref"} and endocrine disruption in females.[29](#rmb212049-bib-0029){ref-type="ref"} PFCs remain in the human body for a long time after exposure because of their highly stable chemical structure.[10](#rmb212049-bib-0010){ref-type="ref"} The present study showed almost 100% of pregnant women were positive for PFCs, in agreement with previous reports.[10](#rmb212049-bib-0010){ref-type="ref"}, [28](#rmb212049-bib-0028){ref-type="ref"}

The present study showed that the levels of PFOS, PFHxS, PFOA, and PFNA in the maternal blood were significantly correlated with those in the cord blood, indicating that PFCs transfer to fetuses, which is consistent with a recent report.[30](#rmb212049-bib-0030){ref-type="ref"} The levels of PFOS, PFHxS, and PFNA in the cord blood were significantly lower than those in the maternal blood, whereas PFOA levels in the cord blood were similar to those in the maternal blood. The result is also consistent with previous reports showing that PFOA was abundantly detected in cord blood compared with other PFCs.[30](#rmb212049-bib-0030){ref-type="ref"} Gutzkow et al reported that the transfer of PFCs from mothers to fetuses depends on two factors ‐ the types of PFCs and the length of the C (carbon)‐chain.[31](#rmb212049-bib-0031){ref-type="ref"} There are two major types of PFCs; PFCAs (PFOA and PFNA) and PFASs (PFOS and PFHxS). PFCAs easily pass through the placenta compared with PFASs.[31](#rmb212049-bib-0031){ref-type="ref"} PFOA has shorter C‐chains (eight Cs) compared with PFNA (nine Cs). Therefore, it is likely that PFOA highly transfers to fetuses, resulting in high levels of PFOA in the cord blood.[31](#rmb212049-bib-0031){ref-type="ref"}

Pesticides are widely used for agricultural and landscape pest control, and are in the majority of commercial household insecticides. The primary route of exposure is the oral intake of contaminated food and inhalation of sprayed insecticides. Pesticides are associated with impaired glucose tolerance,[32](#rmb212049-bib-0032){ref-type="ref"} neuronal and renal toxicity,[33](#rmb212049-bib-0033){ref-type="ref"} inhibited fetal growth,[9](#rmb212049-bib-0009){ref-type="ref"} and neurobehavioral deficits[34](#rmb212049-bib-0034){ref-type="ref"} The present study showed that 33.3%‐54.8% of the patients were positive for DMP, DMTP, DEP, and DETP in the maternal blood, and 45.2%‐78.6% were positive in the maternal urine. These results are consistent with the previous reports, in which pesticides were detected in the maternal blood of most women.[32](#rmb212049-bib-0032){ref-type="ref"} We also detected DMP, DMTP, DEP, and DETP in the cord blood, indicating the transfer of pesticides to fetuses. The detection rate of pesticides was higher in the maternal urine than in the maternal blood, suggesting that the pesticides in the maternal blood are excreted into the maternal urine. In contrast, the detection rate of DETP was lowest in the maternal urine. This, together with the fact that DETP was the most common pesticide in the maternal blood and the cord blood suggests that DETP remains in the maternal blood and is highly transferred to fetuses.

PBDEs are used as flame retardants in furniture, electronics, and textile products. Prenatal exposure to PBDEs has been shown to disrupt thyroid function and cause neurodevelopmental disorders.[15](#rmb212049-bib-0015){ref-type="ref"} Exposure to lactational PBDEs has been associated with anxiety and withdrawal.[35](#rmb212049-bib-0035){ref-type="ref"} In the present study, the detection rates of PBDEs were extremely high, in agreement with a previous report.[36](#rmb212049-bib-0036){ref-type="ref"} The production of most PBDEs is prohibited in many countries, including Japan. However, because PBDEs are lipophilic persistent chemicals, they accumulate in the human body.[36](#rmb212049-bib-0036){ref-type="ref"} There are growing concerns about the effect of BDEs on children.[36](#rmb212049-bib-0036){ref-type="ref"} S‐421 is often used as an insecticide synergist in mosquito coils in East Asia.[16](#rmb212049-bib-0016){ref-type="ref"} As the degradation products of S‐421 includes bis (chloromethyl) ether, which is a lung carcinogen, mosquito coils are used to a limited extent in other parts of the world.[16](#rmb212049-bib-0016){ref-type="ref"} In the present study, the detection rate of S‐421 in breast milk was extremely high, in agreement with the previous report.[16](#rmb212049-bib-0016){ref-type="ref"} This is also a growing concern, although the effect of S‐421 on children is still unknown.

Heavy metals, such as Cd, Pb, Hg, and Ni, are widely distributed environmental pollutants. They are found in batteries, fish, and drinking water, and can cause cancer, renal failure, and neurological symptoms.[37](#rmb212049-bib-0037){ref-type="ref"} In the present study, the levels of several heavy metals in the maternal blood were significantly correlated with their levels in the amniotic fluid, showing that heavy metals in the amniotic fluid are derived from maternal blood.

PFNA levels in the maternal blood and cord blood were significantly higher in FGR cases than in non‐FGR cases (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}a), and PFNA was inversely correlated with birthweight (Fig. [3](#rmb212049-fig-0003){ref-type="fig"}b). These results are consistent with several epidemiological studies that have shown a negative association between PFC levels in cord blood and birthweight.[6](#rmb212049-bib-0006){ref-type="ref"}, [7](#rmb212049-bib-0007){ref-type="ref"}, [10](#rmb212049-bib-0010){ref-type="ref"} PFCs, PFOS, and PFOA levels in human serum have been decreasing as a result of efforts to reduce the use of these chemicals beginning in the year 2000.[38](#rmb212049-bib-0038){ref-type="ref"} However, because of the continued production, exposure to PFNA has recently been increasing in many countries, including Japan, Korea, Vietnam,[39](#rmb212049-bib-0039){ref-type="ref"} and Norway.[38](#rmb212049-bib-0038){ref-type="ref"} More effort is required to reduce the exposure of pregnant women to PFNA.

It is unclear why only PFOA is positively correlated with birthweight. Interestingly, PFOA increases the risk of diabetes by interfering with glucose metabolism.[12](#rmb212049-bib-0012){ref-type="ref"} Because gestational diabetes is associated with increased birthweight, PFOA might also increase birthweight.

Levels of PFCs in the maternal blood and cord blood were significantly lower in multiparous cases than in nulliparous cases (Table [3](#rmb212049-tbl-0003){ref-type="table-wrap"}), in agreement with previous reports that showed PFCs levels in maternal blood decreased with increasing parity.[10](#rmb212049-bib-0010){ref-type="ref"}, [28](#rmb212049-bib-0028){ref-type="ref"} Elimination through breast milk is believed to be involved in the decrease of PFCs in maternal blood.[10](#rmb212049-bib-0010){ref-type="ref"}, [28](#rmb212049-bib-0028){ref-type="ref"} Indeed, PFCs in infant blood have been shown to increase during breast‐feeding after birth, and become higher than maternal serum levels.[40](#rmb212049-bib-0040){ref-type="ref"} Because PFCs might retard postnatal growth, we should also be concerned by postnatal exposure by breast‐feeding.[7](#rmb212049-bib-0007){ref-type="ref"}

Some heavy metals, such as Pb, Cd, Hg, and Mn, have been associated with FGR and pediatric diseases.[4](#rmb212049-bib-0004){ref-type="ref"}, [5](#rmb212049-bib-0005){ref-type="ref"}, [41](#rmb212049-bib-0041){ref-type="ref"} Our finding that Cd levels in the amniotic fluid were higher in FGR cases is consistent with the finding that Cd levels in maternal urine were negatively associated with birthweight.[41](#rmb212049-bib-0041){ref-type="ref"} Cd is chemically similar to Zn (an essential element), so that high maternal Cd levels might impair the transport of Zn to the placenta, resulting in FGR.[41](#rmb212049-bib-0041){ref-type="ref"} However, Zn levels were not significantly different between FGR and non‐FGR cases in the present study. Although Rb levels in the maternal blood were lower in the FGR cases than in non‐FGR cases, the reason is unclear. Regarding the influence of heavy metals on fetal growth, further studies are required, because little information is available.

In conclusion, the present study shows that pregnant women in Japan, and their fetuses, are exposed to a variety of chemicals and heavy metals. We found possible links between several chemicals and fetal growth, although the number of FGR cases was small. Furthermore, the exposure levels of chemicals and heavy metals shown in the present study would be very useful for researchers to investigate the effects of the chemicals and heavy metals in vitro and in vivo in future studies. The present results should be of interest to public health agencies and other investigators, as they will help them focus on which measures would be of greatest value in protecting the health of newborn children.
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